1. Introduction {#s0005}
===============

Many cardiac operations are performed under cardiac arrest during which a heart-lung machine ensures body circulation and oxygenation. JH Gibbon was the inventor of the heart-lung machine i.e. the cardio-pulmonary bypass (CPB) and also was the first cardiac surgeon who uses this apparatus during closure of an atrial septal defect ([@b0080]). The invention of a heart-lung machine significantly advanced the development of cardiac surgery. Since that time various cardiac operations could be carried out such as coronary bypass surgery or correction of congenital heart diseases. Nowadays, even severe cardiac malformations -like tetralogy of Fallot or transposition of the great arteries- may be corrected with the help of CPB and a lot of those patients, which otherwise would have died, now have a nearly normal life-span or at least may reach adulthood ([@b0015], [@b0135]).

When the CPB is connected to the patient, the heart is arrested using cardioplegic solutions with heart and lung being bypassed for a certain period, during which especially the heart is not supplied with blood or oxygen. This means a severe global ischemic injury to the heart muscle and additionally when the patient is de-cannulated from CPB also a severe reperfusion damage ([@b0175]). To protect the heart against ischemia/reperfusion injury, cold cardioplegic solutions -namely St. Thomas or Bretschneider solution- or warm blood cardioplegia (Calafiore blood cardioplegia) are the most widely implemented procedures in the operation theatre ([@b0025], [@b0030], [@b0035]). However, impairment of cardiac function with the need of catecholamine therapy is not uncommon after CPB and worsens patient's outcome ([@b0210]).

As cardiomyocytes are not able to store sufficient amounts of ATP but on the other hand have a high demand, ATP-levels drop rapidly during ischemia. Although during CPB the heart is arrested and mostly cooled as described above it comes to ischemic damage which is further aggravated during reperfusion, when the heart is re-warmed and starts contracting. On the cellular level ischemia/reperfusion injury induces several signaling cascades. The transcription factor HIF1**α** (hypoxia-inducible factor 1**α**) is activated by hypoxic conditions and translocates into the nucleus thereby promoting gene activation to improve cell survival ([@b0020]). On the other hand, this factor was also associated with apoptosis and cell death and thus an inhibition of HIF1**α** might be beneficial for cells ([@b0090]). Furthermore, oxygen and nitrogen radicals, which are elevated mainly during reperfusion, lead to mitochondrial damage and DNA strand breaks. The following activation of apoptosis factors (AIF, apoptosis-inducing factor) by PAR (poly-ADP-ribose) finally lead to cell death ([@b0225]). CPB also induces inflammation via cytokine activation (for example TNF**α**) thereby triggering the extrinsic apoptosis pathway via caspase cleavage ([@b0040]). Thus, several signaling cascades involved in ischemia/reperfusion injury could finally lead to a dysfunction of the heart muscle, often seen after CPB. Therefore, cardiac protection during CPB is still a major issue.

The main green tea ingredient EGCG (epigallo-3-catechin-gallate) has anti-oxidant properties and seems to be beneficial in reducing oxygen radicals ([@b0115], [@b0120]). We and others could show that this catechin had a positive influence on kidney injury during CPB ([@b0070], [@b0110]). Additionally, as significant inflammation is provoked by CPB it might be that inti-inflammatory drugs decrease cytokine production and thus prevent from caspase-induced apoptosis during CPB ([@b0050], [@b0100]).

In a Langendorff-model of isolated perfused rabbit hearts we could demonstrate, that EGCG and minocycline were effective in reducing cardiac ischemia/reperfusion damage ([@b0195], [@b0185], [@b0190], [@b0205]). Thus, to evaluate both drugs in a more clinical setting, we used piglets subjected to a 90 min CPB with subsequent reperfusion (120 min) without or with either EGCG or minocycline. During the experiment, cardiac hemodynamics were examined. Thereafter, the hearts were removed and histological analysis for apoptosis induction, nitrogen radicals and TNF**α** was performed. Additionally, cardiac ATP-levels were determined.

2. Materials and methods {#s0010}
========================

The following procedures were approved by the Animal Care Committee of the German Regional Council Leipzig, namely "Landesdirektion Sachsen, Dienststelle Leipzig", approval number W05/11 and W05/12, which ensured humane treatment of all animals as indicated by the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).

For our evaluation of EGCG and minocycline during ischemia/reperfusion injury, 36 domestic piglets (weighting between 10 and 15 kg) were randomly assigned to 6 experimental groups with 6 piglets per group: time control without drugs and without CPB, control group with EGCG, control group with minocycline, CPB group without drugs, CPB group with EGCG and CPB group with minocycline. Hearts of piglets assigned to the CPB groups were arrested for 90 min -while body perfusion was maintained by the heart-lung machine-, followed by a 120 min reperfusion phase according to [@b0195]. Control piglets were also anaesthetized and a thoracotomy was carried out without connection to the CPB. In control piglets and piglets undergoing CPB with drug administration EGCG (10 mg/kg body weight) or minocycline (4 mg/kg body weight) were applied intravenously 15 min before baseline measurements. A second dose was applied after disconnection from CPB (EGCG 10 mg/kg body weight or minocycline (2 mg/kg body weight). The control piglets with EGCG or minocycline also received a second drug administration at the appropriate time point.

Anesthesia of the piglets was carried out by veterinarians, connecting and running the CPB was performed by experienced heart surgeons and perfusionists. The piglets were evaluated during the whole experiments by a cardiologist. At baseline (time point 0) and after 120 min of reperfusion hemodynamic measurements and analysis of lactate and cardiac creatine kinase were carried out. Thereafter, at the end of the experiment, the piglets were slaughtered and specimens from the left ventricular free wall were either shock-frozen in liquid nitrogen for ATP measurements or fixed with formalin for histological evaluation.

2.1. Experimental protocol {#s0015}
--------------------------

A detailed description of the experimental protocol is given in [@b0185]. Briefly, piglets were premedicated with atropine (0.02 mg/kg body weight), midazolam (0.5 mg/kg body weight) and ketamine (25 mg/kg body weight), orally intubated and ventilated with 50% O~2~ and 50% air (anesthesia apparatus: Cato, Drägerwerk, Lübeck, Germany). General anaesthesia was performed with isoflurane (1.5--2%) and analgesia with sufentanil (initial bolus 3 µg/kg body weight, followed by 1--2 µg/h/10 kg body weight). In the appropriate experimental groups, a single dose of minocycline or EGCG was applied intravenously 15 min before baseline measurements (hemodynamic parameters, blood samples at time point 0). Thereafter, thoracotomy was carried out and heparin was administered to achieve an ACT (activated clotting time) of 400 s. The right auricle and aortic bow were cannulated and the CPB (priming volume: 350 ml whole blood) was connected ([@b0200]). CPB was started, the aorta was cross-clamped and the heart was arrested with cold cardiolplegic solution (Custodiol, Koehler Chemie, Bensheim, Germany). During CPB the piglets were cooled to 28 °C and warmed up again to 37 °C at the end of CPB. Anaesthesia was switched from isoflurane to propofol (25--35 mg/kg body weight) during the whole bypass time. To achieve the same experimental conditions, control piglets also received propofol for 90 min.

Throughout the entire experiment blood gases (normal range: pO~2~ 75--100 mmHg, pCO~2~ 35--45 mmHg, pH 7.35--7.45), central venous pressure (maximum 12 mmHg), mean arterial pressure (target value \> 50 mmHg) and oxygen saturation (\>90%) were controlled and therapeutic interventions were carried out if necessary. Monitoring of the piglets during CPB followed standard procedures in cardiac surgery.

At the end of CPB (i.e. after 90 min bypass-time) aortic clamp was opened and reperfusion started. The flow of CPB was consecutively reduced to zero and after 30 min the piglets were disconnected from CPB. In the experimental groups with drugs a second dose was given after disconnection. If necessary, circulation was supported by catecholamines (adrenaline and noradrenaline). All piglets were successfully weaned from CPB. After a reperfusion phase of additional 90 min (i.e. in total 120 min after opening of aortic clamp) blood samples were taken to analyse lactate and creatine kinase levels and hemodynamic parameters were assessed and samples of the left ventricular free wall were taken for histological analysis and ATP measurements.

2.2. Pressure-volume loops {#s0020}
--------------------------

Pressure-volume loops were carried out as described previously ([@b0180]). In brief, a pressure-volume Millar catheter (Millar Instruments, Houston, USA) was inserted into the left ventricle via the left carotid artery. The catheter was connected to a signal amplifier system (MPVS Ultra, Millar Instruments, Houston, USA) and data acquisition and analysis was performed with the Power Lab and Lab Chart Software from ADInstruments (sales department FMI Föhr Medical Instruments GmbH, Seeheim, Germany). Parallel conductance was corrected by injection of hypertonic saline solution (1 ml/10 kg body weight, 10% NaCl) and calibration of stroke volume by the thermodilution method (Picco-system, Picco Pulsion Medical Systems, Munich, Germany). From the pressure-volume loops ejection fraction (EF) and cardiac output were calculated.

2.3. ATP-measurements {#s0025}
---------------------

Tissue ATP-content was evaluated using the "High Pressure Liquid Chromatography" (HPLC) method as previously published ([@b0045]). Briefly, tissue samples were homogenized on ice with 5 ml 0.4 M perchloric acid. Thereafter, the extracts were precipitated with 0.8 ml 0.2 mol/L KOH and centrifuged at 4 °C with 3000 g for 10 min. The supernatant was used for ATP measurements. 20 µl were injected onto a RP18 column (Merck, Darmstadt, Germany). The mobile phase consisted of KH~2~PO~4~ (215 mM), tetrabutylammonium hydrogen sulphate (2.3 mM), acetonitrile (4%) and KOH (1 M, 0.4%). The HPLC apparatus and UV-detector were from Knauer (Berlin, Germany). ATP peaks were analyzed at 254 nm. ATP standards at three different concentrations (2, 20 and 60 µg/mL) were used to generate a standard curve. Unknown samples and ATP standards were injected three times and ATP concentrations were determined as the mean of these three chromatograms.

2.4. Histological evaluation {#s0030}
----------------------------

Specimens from the left ventricular free wall, fixed with 4% formalin, were embedded in paraffin and 2 µm slices were cut. The samples, were mounted on microscopic slides, dewaxed, re-hydrated and antigen retrieval was performed according to [@b0045]. Thereafter, myocardial tissue was incubated with primary antibodies for HIF1**α** (hypoxia-inducible factor, host rabbit, dilution 1:100, Santa Cruz, Heidelberg, Germany), AIF (apoptosis-inducing factor, host mouse, dilution 1:100, Santa Cruz, Heidelberg, Germany), cC3 (cleaved caspase-3, host rabbit, dilution 1:200, New England Biolabs, Frankfurt, Germany), PAR (poly-ADP-ribose, host mouse, dilution 1:600, BioRad, Munich, Germany), NT (nitrotyrosine, host mouse, dilution 1:50, Merck, Darmstadt, Germany) or TNF**α** (tumor necrosis factor **α**, host goat, dilution 1:100, Santa Cruz, Heidelberg, Germany) at 4 °C over night. Afterwards, the slides were washed and the appropriate secondary antibodies (anti-mouse, anti-rabbit or anti-goat) labelled with horseradish peroxidase were applied for 1 h at room temperature. Subsequently, the specimens were washed again and visualization of positive cells was performed with 3-amino-9-ethylcarbazole (AEC, red chromogen, Dako, Hamburg Germany). Cell nuclei were counterstained with hematoxylin.

The specimens were investigated microscopically using the Axioimager M1 microscope from Zeiss (Carl Zeiss, Jena, Germany). Photographs were taken at 400× magnification and at least 10 pictures per slide i.e. 60 pictures per experimental group were evaluated by a blinded observer. Only longitudinal sections of cardiomyocytes were analyzed. As HIF1**α**, PAR, AIF and cC3 translocate into the nuclei after activation, the ratio of positive red cell nuclei and negative blue cell nuclei was calculated. In contrast, as TNF**α** and NT are located within the cytosol, we therefore determined the ratio of positive red cells and negative unstained cells.

In this way at least 120 cardiomyocytes per picture were analyzed, which means -as 10 pictures per slide were taken- 1200 cardiomyocytes per animal and 7200 cardiomyocytes per experimental group.

2.5. Statistical analysis {#s0035}
-------------------------

All results are presented as mean value and standard error of mean (SEM) of n = 6 experiments. Normal distribution of the data was tested with Shapiro--Wilḱs test.

Hemodynamic data were evaluated with two-way ANOVA followed by Students *t*-test with Bonferroni correction for multiple measurements to detect statistical significance at a level of p \< 0.05. Blood parameters, histological data and ATP measurements were tested for statistical significance using the non-parametric Kruskal-Wallis test (p \< 0.05).

For the statistical analysis Systat for Windows, version 13 (Systat Inc., Evanston, IL, USA) was used.

3. Results {#s0040}
==========

Baseline parameters were not significantly different among the 6 experimental groups. At the beginning of the experiment and after reperfusion (at the end of the experiment) ejection fraction, cardiac output and blood pressure did not differ significantly among the 6 experimental groups ([Table 1](#t0005){ref-type="table"}). However, as vital parameters of the piglets were closely monitored, catecholamines had to be administered especially during and after weaning from CPB in the three CPB-groups to support the cardiovascular system. As a result, total catecholamine requirement was significantly higher in piglets subjected to CPB compared to the corresponding control groups ([Table 1](#t0005){ref-type="table"}). Moreover, lactate an indicator for the metabolic state and creatine kinase an indicator for muscle damage were significantly elevated in the three CPB-groups at the end of the reperfusion period ([table1](#t0005){ref-type="table"}). Only the CPB + EGCG group showed a slight but significant creatine kinase reduction compared to CPB alone.Table 1Blood parameters and hemodynamic data at baseline conditions and after reperfusion. Catecholamine consumption during the entire experiment and tissue ATP-content at the end of reperfusion.ParametersControlControl + EGCGControl + MinocyclineCPBCPB + EGCGCPB + MinocyclineCreatine kinase (µmol/(L \* s)Baseline18 ± 2.915 ± 2.716 ± 2.318 ± 3.219 ± 3.220 ± 3.3Reperfusion25 ± 2.417 ± 2.524 ± 5.258 ± 6.3[\*](#tblfn1){ref-type="table-fn"}35 ± 6.9&45 ± 7.2§  Lactate (mmol/L)Baseline2.1 ± 0.31.4 ± 0.32.0 ± 0.41.7 ± 0.22.5 ± 0.31.3 ± 0.2Reperfusion2.3 ± 0.41.3 ± 0.12.1 ± 0.37.3 ± 1.1[\*](#tblfn1){ref-type="table-fn"}6.0 ± 1.1+4.9 ± 0.9§  Ejection fraction (%)Baseline64 ± 2.163 ± 2.863 ± 1.862 ± 1.469 ± 6.263 ± 2.3Reperfusion64 ± 2.660 ± 2.567 ± 4.661 ± 6.564 ± 3.358 ± 2.5  Cardiac output (ml/min)Baseline2359 ± 1742100 ± 1082137 ± 881949 ± 1122529 ± 2382084 ± 98Reperfusion2199 ± 1952031 ± 1242334 ± 2062245 ± 2622555 ± 3822074 ± 221  Mean arterial blood pressure (mmHg)Baseline66 ± 3.764 ± 3.865 ± 2.470 ± 4.760 ± 6.469 ± 3.7Reperfusion70 ± 2.665 ± 2.569 ± 4.171 ± 3.472 ± 3.768 ± 4.2  Total catecholamine requirement (µg)31 ± 9.114 ± 8.832 ± 10.3202 ± 60[\*](#tblfn1){ref-type="table-fn"}173 ± 54.6+184 ± 45.8§  Tissue ATP content (µg/mg tissue)4.1 ± 0.85.5 ± 1.34.8 ± 0.61.5 ± 0.9[\*](#tblfn1){ref-type="table-fn"}1.8 ± 0.2+1.2 ± 0.7§[^1]

Interestingly, ATP content of cardiac tissue was significantly lower in piglets undergoing CPB indicating an ATP-deficit after 120 min of reperfusion ([Table 1](#t0005){ref-type="table"}).

Histological analysis of the cardiac tissue revealed that HIF1**α** (hypoxia-inducible factor 1**α**), a transcription factor which is activated by hypoxia, was significantly elevated after CPB. After activation, HIF1**α** translocates into the nucleus and thus we could detect a nearly six fold increase in HIF1**α** -positive cell nuclei. This elevation was significantly reduced by EGCG application during CPB but not by minocycline ([Fig. 1](#f0005){ref-type="fig"}). Under control conditions both pharmaceuticals did not alter HIF1**α** expression.Fig. 1Staining and quantification of HIF1**α** (hypoxia-inducable factor 1**α**) translocation. (A) upper panel: Bar graphs depict the percentage of nuclei positively stained for HIF1**α** in specimens from left ventricular free wall. (B) lower panel: Original images showing HIF1**α** staining of the left ventricle. Arrows indicate positively stained red nuclei. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus CPB by a & and significant differences versus control + minocycline by a §.

To evaluate a possible induction of apoptosis we analyzed AIF (apoptosis-inducing factor) and cC3 (cleaved caspase 3). Both factors induce apoptosis: AIF representing the intrinsic and cC3 representing the extrinsic pathway. Our data show that after CPB the number of cells possibly undergoing apoptosis -as indicated by an increase in AIF and/or cC3- was significantly elevated. This elevation could be blocked by both drugs EGCG and minocycline in the case of AIF but not in the case of cC3. The latter one was only slightly reduced by minocycline ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). In piglets without CPB EGCG and minocycline did not influence the number of AIF or cC3 positive cells.Fig. 2Staining and quantification of AIF (apoptosis-inducing factor) translocation. (A) upper panel: Bar graphs depict the percentage of nuclei positively stained for AIF in specimens from left ventricular free wall. (B) lower panel: Original images showing AIF staining of the left ventricle. Arrows indicate positively stained red nuclei. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus CPB by a &.Fig. 3Staining and quantification of cC3 (cleaved-caspase 3) translocation. (A) upper panel: Bar graphs depict the percentage of nuclei positively stained for cC3 in specimens from left ventricular free wall. (B) lower panel: Original images showing cC3 staining of the left ventricle. Arrows indicate positively stained red nuclei. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus control + EGCG by a +, significant differences versus control + minocycline by a §, significant differences versus CPB by a &.

Reactive nitrogen species lead to protein nitrosylation i.e. nitrotyrosine (NT) formation and DNA strand breaks. In turn the enzyme poly-ADP-ribose polymerase (PARP), which is responsible for the repair of DNA strand breaks, is activated. This PARP activation leads to the formation of PAR (poly-ADP-ribose). In our experimental set-up we could determine a significant NT and PAR formation as indicators for reactive nitrogen species possibly inducing DNA strand breaks. EGCG and minocycline significantly reduced NT and PAR ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). Again, under control conditions EGCG and minocycline did not alter NT or PAR.Fig. 4Staining and quantification of NT (nitrotyrosine) positive cells. (A) upper panel: Bar graphs depict the percentage of cells positively stained for NT in specimens from left ventricular free wall. (B) lower panel: Original images showing NT staining of the left ventricle. Arrows indicate positively stained red cells. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus CPB by a &.Fig. 5Staining and quantification of PAR (pol-ADP-ribose) positive cells. (A) upper panel: Bar graphs depict the percentage of cells positively stained for PAR in specimens from left ventricular free wall. (B) lower panel: Original images showing PAR staining of the left ventricle. Arrows indicate positively stained red cells. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus control + EGCG by a +, significant differences versus control-minocycline by a §, significant differences versus CPB by a &.

TNF**α** (tumor necrosis factor 1**α**), a cytokine involved in inflammatory processes, was also significantly elevated after CPB. Application of EGCG only slightly reduced TNF**α**. In contrast, minocycline significantly decreased this cytokine, although control levels were not reached ([Fig. 6](#f0030){ref-type="fig"}). In control piglets, EGCG and minocycline had no influence of TNF**α** expression.Fig. 6Staining and quantification of TNF**α** (tumor necrosis factor**α**) positive cells. (A) upper panel: Bar graphs depict the percentage of cells positively stained for TNF**α** in specimens from left ventricular free wall. (B) lower panel: Original images showing TNF**α** staining of the left ventricle. Arrows indicate positively stained red cells. Scale bar = 20 µm. All data are given as means ± SEM. Significant differences (p \< 0.05) versus control are indicated by \*, significant differences versus control-minocycline by a §, significant differences versus CPB by a &.

4. Discussion {#s0045}
=============

In our present animal study we could demonstrate that application of CPB led to a severe ischemia/reperfusion injury of the heart with ATP depletion, and the necessity of catecholamine therapy to stabilize contractile function. Moreover, histological analysis of the hearts revealed a significant increase in nitrogen radicals, enhanced PAR formation and finally to enhanced apoptosis. Additionally, CPB also resulted in elevated TNFα levels, as a sign of inflammation.

Both drugs EGCG and minocycline, although no direct effect on contractile function or ATP-levels was seen, seemed to reduce nitrosative stress, apoptosis and inflammation. Nevertheless, it worth mentioning that EGCG and minocycline have different action profiles: with EGCG being more effective in reducing HIF1α-translocation whereas minocycline was more potent in decreasing TNFα levels.

At the beginning of the experiments all piglets were in a comparable clinical condition. However, after CPB and within the first minutes after reperfusion it became obvious that the CPB-groups needed significantly more catecholamines to maintain arterial blood pressure and cardiac output than the control piglets without CPB. Deterioration of left ventricular function after CPB -even if the patient had a normal cardiac function preoperative- is well known in human medicine and is usually treated with catecholamines ([@b0210]). However, a prolonged catecholamine therapy is in the long term not advantageous for the heart muscle. The need of catecholamine support to maintain ventricular function corresponds well with the reduced cardiac ATP concentrations, which we found in our piglet model of CPB. Surprisingly, even 120 min reperfusion was not enough to completely restore intracellular energy rich phosphates, which suggests an ongoing metabolic dysregulation. Moreover, we saw a nearly threefold increase in blood lactate levels, which point to disturbed (i.e. anaerobic) metabolic processes of the bodýs periphery. The elevated creatine kinase concentrations also fit into the clinical picture of reduced peripheral perfusion.

Both pharmaceutical which we applied had no significant effects on clinical parameters; however, we saw considerable positive results in our histological analysis.

EGCG is the main ingredient of green tea, which is one of the most popular beverages in the Asian countries. Green tea is said to have many positive characteristics: lowering of blood lipids, arteriosclerosis reduction, anti-inflammatory and anti-oxidative properties as well as cancer prevention. Moreover, we and others found that it also positively affects cardiac outcome after ischemia/reperfusion injury: after global or regional ischemia, the EGCG treated hearts showed a better contraction behavior and in case of regional ischemia a reduced infarct size ([@b0115], [@b0120], [@b0125], [@b0170], [@b0205]). However, these studies were carried out with isolated saline solution-perfused hearts and not with whole animals undergoing CPB in a clinical setting. Interestingly, in a recently published study Funamoto et al. conducted animal experiments using CPB in diabetic rats, and they could demonstrate that CPB induced acute kidney injury which was significantly diminished by pre-treatment of the rats with EGCG ([@b0070]). Funamoto et al. ascribed their positive EGCG effects on renal function to the anti-oxidative properties of EGCG. Additionally, they also found reduced oxidative stress against DNA (deoxyribonucleic acid) ([@b0070]). These data fit well with our CPB-study: nitrotyrosine, a marker for oxidative and nitrosative stress- was significantly reduced in the CPB-groups treated with EGCG. Similarly, PAR, which is an indicator for DNA strand breaks and also induces apoptosis via mitochondrial AIF release, was significantly lowered by EGCG. Tyrosine nitration is typically found in conditions where oxygen radicals and NO form peroxinitrite, which itself nitrosylates several cellular proteins and which is also responsible for DNA damage ([@b0165]). PARP enzymes attempt to repair DNA nicks, which is an ATP-consuming process and at the end might lead to cell necrosis. PAR is produced as a result of DNA repair by PARP enzymes and triggers the programmed cell death via AIF release ([@b0225]). Thus, EGCG with its anti-oxidative properties might be of advantage for cardiac cells as it lowered AIF, PAR and NT thereby inhibiting deleterious pathways for cell death. However, in our study tissue ATP-levels were low and not different among the three CPB groups. This phenomenon might point to a still disturbed ATP metabolism even after 120 min of reperfusion and is consistent with the clinical observation of myocardial stunning in patients after CPB ([@b0060]).

Another apoptosis inducing factor is cC3, which can be activated by various stimuli including CPB ([@b0130]). In our study we also found enhanced cC3 levels after CPB. However EGCG only slightly lowered cC3, which might indicate that the extrinsic apoptosis pathway is still active. On the other hand, as cC3 is able to cleave PARP, thereby hindering an ATP-consuming process, the metabolic state of the cell might be better ([@b0075]). However, as we did not see differences in ATP-levels among our CPB-groups it is questionable if this process plays a role in our study.

Typically, during ischemia significant HIF1α translocation into cell nuclei occurs. This transcription factor is activated by low oxygen levels and initiates cell rescuing processes ([@b0150]). Thus, the six-fold enhanced HIF1α nuclear staining in our CPB-group compared to the control group indicates an ischemic injury of cardiomyocytes. Addition of EGCG lowered HIF1α to control levels, although the ischemic burden of hearts undergoing CPB with or without EGCG is obviously not different. However, it is to say that also reactive oxygen species (ROS) activate HIF1α nuclear translocation ([@b0230]). As EGCG has excellent anti-oxidative properties, it might be that the radical scavenging features of this catechin reduce the impact of free radicals, which develop during ischemia and re-oxygenation. At least, less ROS could mean a reduced incidence of DNA strand breaks and a reduced mitochondrial AIF release ([@b0010]). Decreased NT and PAR formation as well as decreased AIF translocation, which we also found, would therefore be consistent with the hypothesis of less oxidative stress.

It is well known in cardiac surgery that CPB induces a considerable inflammatory response ([@b0055]). Consistent with this clinical observation, we also found an enhanced number of TNFα -positive cells in our cardiac samples. Addition of EGCG during CPB did not reduce TNFα to a significant extent in cardiac tissue. In contrast, in several animal models (diabetes and aging), it was shown that EGCG significantly decreased TNFα serum levels ([@b0145], [@b0155]). However, cardiac samples were not evaluated in these studies. In a former study of our working group lung samples of piglets undergoing CPB were analyzed and we demonstrated that TNFα was elevated especially in the bronchial epithelium after CPB ([@b0110]). Although, EGCG treated piglets also had no benefit regarding bronchial TNFα levels, they had a lower rate of alveolar infiltration of neutrophil granulocytes ([@b0110]). Thus, EGCG had a certain anti-inflammatory effect, which was not evident in our cardiomyocyte samples.

Compared with this observation, minocycline addition showed a significant reduction in TNFα positivity of cardiac samples. The antibiotic minocycline has strong anti-inflammatory properties and we and others could demonstrate that tissue TNFα was significantly reduced by minocycline ([@b0050], [@b0200]). This might suggest that the inflammatory response following CPB is suppressed or at least reduced by minocycline, which has a high relevance for the patients.

In addition, minocycline has a considerable anti-oxidative potential and also inhibits the mitochondrial permeability transition pore (MPTP) ([@b0085]). This could mean that mitochondrial metabolic processes are less disturbed by ROS or nitric radicals, which might improve the metabolic state of the cells. Consistent with this result, nitrotyrosine formation was diminished, which indicates less peroxynitrite formation and presumably less DNA strand breaks. Moreover, as minocycline is a direct inhibitor of PARP, PAR formation should also be reduced, which we also demonstrated ([@b0005]). Both, inhibitory roles of minocycline (anti-oxidation and PARP-inhibition) should then lead to enhanced ATP-levels, which we did not see after reperfusion. However, in a former manuscript of our working group we could demonstrate, that minocycline improved ATP-levels in lung tissue ([@b0200]). The reason for this discrepancy might be that the contracting heart -in contrast to the lung- consumes high amounts of ATP, which perhaps cannot be provided within the time span of 120 min of reperfusion. However, reduced PAR should result in reduced AIF release which we found in our study in the minocycline treated CPB-groups. Additionally, we also saw a slight but significant reduction in cC3. Thus, both apoptotic pathways seemed to be reduced by minocycline. The capability of minocycline in reducing the intrinsic and extrinsic pathway of apoptosis was also described by [@b0095]. Furthermore, it also fits to the reduced TNFα -levels which we saw, as TNFα might initiate the extrinsic pathway of apoptosis.

Interestingly, in contrast to EGCG minocycline did not alter HIF1α translocation. This is in line with at study of Dhein et al., who also found that minocycline did not inhibit CPB-induced HIF1α nuclear translocation in renal tubules ([@b0045]). However, these authors also described that in liver cells minocycline significantly inhibited HIF1α. Thus, the effect of minocycline on HIF1α might be tissue dependent and also dependent on the experimental conditions, since in the CPB-situation organs like liver, kidney and brain are still perfused, while in the hearts perfusion is completely stopped resulting in global (cold) ischemia.

Nevertheless, the divergent action of both administered drugs regarding HIF1α and TNFα is interesting. EGCG is a flavan-3-ol derivative composed as a carbonic acid ester of the epigallocatechin (with 3 ring structures) bound to gallic acid via a hydrophilic bridge. EGCG belongs to the group of catechins. These molecules include (as a general characteristic) a substituted benzopyrane. In a recently published manuscript [@b0065] described the necessity of a benzopyrane group for HIF1α inhibition. These authors could show that certain substituted benzopyrane derivates can dock to HIF1α thereby inhibiting the binding of HIF1α to the DNA. The effective structures in their investigation show similarities to the structure of the catechin EGCG with regard to the position of hydrophobic and hydrophilic groups. Thus, such an inhibition of the interaction of activated HIF1α with the DNA might be an explanation for the anti-HIF1α effects of EGCG. As not only EGCG has protective effects against ischemia/reperfusion injury but also catechin and epicatechin. Thus, it might be that the benzopyran structure is necessary to reduce nuclear HIF1α. However, it must be stated that a direct HIF1α inhibitory action of catechin and epicatechin has not been demonstrated until now.

Regarding the tetracyclin minocycline and its action of TNFα there is only little information. The synthetic drug minocyclin belongs to the octa-hydro-naphthacenes which have been first identified in streptomyces species. Anti-TNFα activity of such drugs and of minocycline in particular has been found also by others ([@b0140], [@b0220], [@b0160]). This action is also found with other molecules chemically not related to minocycline ([@b0215]), so that the exact mechanism behind this inhibitory effect against TNFα presently remains unclear. There is however one interesting report on an inhibitory effect of tetracycline, minocycline and doxycycline, but not of makrolide antibiotic like clarithromycin or roxithromycin, on the PAR2-IL8-axis (protease activated receptor-2 - interleukin 8 axis) resulting in decreased TNFα ([@b0105]). Whether this mechanism might be involved in the cardioprotective actions must be investigated in future studies.

Taken together, anti-oxidative and anti-apoptotic drugs as EGCG and minocycline can help to reduce the catecholamine demand after CPB by reduction of the CPB-induced ischemia/reperfusion damage. EGCG and minocycline, thus, may be of interest in particular in cases which require a long operation period/cardiac arrest period or in critically ill patients.

5. Conclusions {#s0050}
==============

CPB -despite cold cardiac arrest- results in a global ischemia/reperfusion damage of the heart inducing HIF1**α** translocation, PAR generation, activation of apoptosis pathways and the need of catecholamine support. These negative effects of CPB can be avoided by pre-treatment with EGCG or minocycline. Our findings might open new perspectives for complex and long cardiac operations and for critically ill patients undergoing cardiac surgery.
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